The number of newly formed neurons declines rapidly during aging, and this decrease in neurogenesis is associated with decreased function of neural stem/progenitor cells (NPCs). Here, we determined that a WIP1-dependent pathway regulates NPC differentiation and contributes to the age-associated decline of neurogenesis. Specifically, we found that WIP1 is expressed in NPCs of the mouse subventricular zone (SVZ) and aged animals with genetically enhanced WIP1 expression exhibited higher NPC numbers and neuronal differentiation compared with aged WT animals. Additionally, augmenting WIP1 expression in aged animals markedly improved neuron formation and rescued a functional defect in fine odor discrimination in aged mice. We identified the WNT signaling pathway inhibitor DKK3 as a key downstream target of WIP1 and found that expression of DKK3 in the SVZ is restricted to NPCs. Using murine reporter strains, we determined that DKK3 inhibits neuroblast formation by suppressing WNT signaling and Dkk3 deletion or pharmacological activation of the WNT pathway improved neuron formation and olfactory function in aged mice. We propose that WIP1 controls DKK3-dependent inhibition of neuronal differentiation during aging and suggest that regulating WIP1 levels could prevent certain aspects of functional decline of the aging brain.
Introduction
New neurons are generated continuously in 2 distinct regions of the mammalian brain, the subventricular zone (SVZ) and subgranular zone (SGZ). The SVZ represents the largest reserve of neural stem cells (NSCs) in mice and can be identified by staining with NESTIN, SOX2, and GFAP. NSCs are largely quiescent but occasionally enter the cell cycle to divide asymmetrically to generate another NSC plus a transit-amplifying progenitor. Transit-amplifying cells undergo rapid symmetric divisions to give rise to neuroblasts that express polysialylated neuronal cell adhesion molecule (PSA-NCAM) and doublecortin (DCX). In mice, DCX-positive neuroblasts migrate through the rostral migratory stream toward the olfactory bulb (OB), in which they differentiate further, integrate into the existing neuronal network, and contribute to various olfactory functions, including fine odor discrimination.
Adult neurogenesis declines rapidly during aging, resulting in functional decline of the brain. One important aspect of this aging process is the reduced formation of new neurons that coincides with a reduction in the number of neural stem/progenitor cells (NPCs). However, it is not entirely clear whether increasing the number of stem cells is sufficient for improving new neuron production; notably, multiple aging-related changes could account for a neuron deficit in the OB (1) . Attenuation of neuronal commitment of NPCs is one such mechanism that can contribute to aging-related changes in adult neurogenesis. Increasing evidence supports the idea that, during aging, WNT signaling has an instructive role in neuronal fate determination from neural progenitors (2) . For example, WNT3 expression decreases during aging (3) , while levels of the WNT antagonist Dickkopf 1 (DKK1) increase specifically in the hippocampus (4) . It remains unclear whether WNT plays any role in the SVZ; if it does, the mechanism for its regulation during aging is largely unknown.
In a previous study, we identified WT p53-induced phosphatase 1 (WIP1) as an important molecular component of adult neurogenesis in the SVZ (5) . WIP1 maintains new neuron formation in a p53-dependent manner through regulation of cell cycle progression and neurogenesis. In the current study, we extended our analysis to investigate the significance of WIP1 regulation in a physiologically relevant context. We found that WIP1 is specifically expressed in SVZ NPCs and its expression decreases with aging, contributing to the regulation of adult neurogenesis through DKK3. Expression of DKK3 appeared to be restricted to SVZ NPCs and was absent in the SGZ. We also found that DKK3 inhibited canonical WNT signaling and WNT-induced neurogenesis. In turn, overexpression of WIP1 repressed DKK3, rescuing a neuron formation defect in the OB of aged mice.
Results

WIP1 is expressed in mouse NPCs and controls p53 activity during aging.
As WIP1 is essential in NPC functions (5), we investigated its expression in the SVZ. We first analyzed a reporter line in which a β-gal (Wip1-β-gal) gene was knocked in in the endogenous mouse Wip1 locus. Consistent with endogenous expression of WIP1 (6) , β-gal staining was high in the testes of knock-in reporter mice, while it was absent in WT controls (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI73015DS1). In the brain, WIP1 expression was observed in the subventricular area (Figure 1A ), but very little was observed in the OB or rostral migratory stream (Supplemental Figure 1 , B and C). Analysis of β-gal-positive cells revealed coexpression with NESTIN and MASH1 but little with PSA-NCAM ( Figure 1B ). This suggests that WIP1 is primarily expressed in NPCs but not in neuroblasts. Furthermore, we found an age-dependent decline in Wip1-β-gal activity ( Figure 1C ). In order to confirm WIP1 expression in NPCs, we isolated LeX + CD24 -cells that are enriched for NSCs (refs. 7, 8 , and Supplemental Figure 1D ) and used a real-time PCR to analyze Wip1 mRNA expression in different populations of SVZ cells. We detected Wip1 mRNA expression in the LeX + CD24 -population, while its expression was almost completely diminished with aging ( Figure 1D ). WIP1 regulates NPCs via p53 (5), so next we investigated p53 activity in vivo. For these experiments, we used a transgenic reporter mouse line that carries an EGFP under the control of a p53 response element from the p21 Cip promoter (p21-EGFP) (9) . There was an EGFP signal in neurospheres (NSPs) from WT mice but not from p53 KO mice, confirming the specificity of the reporter gene (Supplemental Figure 1E) . We crossed p21-EGFP reporter mice with Wip1 KO mice and confirmed that NSPs from Wip1 KO mice contained a higher percentage of p21-EGFP-positive cells (Supplemental Figure 1E ). This indicates that WIP1 negatively regulated p53 in vivo, and p53 activation, in turn, resulted in faithful upregulation of the reporter gene. Further analysis of p21-EGFPpositive cells in the SVZ revealed that they coexpressed NESTIN and SOX2 but were negative for neuroblast markers (Supplemental Figure 1F ). We further found an age-dependent increase in p21-EGFP signal in LeX + CD24 -cells. This increase was significantly attenuated in Wip1-Tg mice ( Figure 1E and Supplemental Figure  1G) ; Wip1 was only moderately overexpressed in this transgene (Supplemental Figure 1H) . Importantly, FACS-sorted p21-EGFPpositive cells coexpressed NESTIN and SOX2 and formed secondary NSPs (Supplemental Figure 1I) , which confirmed that the p53 activity was indicative of NPCs. However, the number and size of NSPs derived from p21-EGFP-positive cells was markedly reduced compared with NSPs from EGFP-negative cells (Supplemental Figure 1I) . Interestingly, p21-EGFP-positive cells also produced fewer DCX-positive neuroblasts ( Figure 1F ), suggesting that p53 might be involved in regulating the neurogenic potential of NSCs.
Next, we established NSPs from 2-and 9-month-old mice and analyzed EGFP expression in the NSPs. NSPs from older (9-month-old) WT mice as well as young Wip1-deficient mice contained more EGFP-positive cells than those from young (2-monthold) WT mice ( Figure 1, G and H) . Analysis of active p53, based on phosphorylation of serine 23 (human serine 20), consistently showed more positive staining in the SVZs of old mice compared with those of young mice (Supplemental Figure 1H ). This confirmed that p53 activity is upregulated in the SVZ during aging.
Activation of p53 is sufficient to suppress neuron production (10). It is not known, however, whether specific repression of p53 activity in NPCs may be useful for improving new mature neuron formation in aged mice. To test whether suppression of p53 is sufficient for increasing neuron production in vivo, we analyzed neuron formation in p53 KO mice. Our analysis showed that new neuron formation in the OB was significantly greater in p53 KO mice than in WT mice (Supplemental Figure 2A) , suggesting that suppressing p53 activity could potentially ameliorate the aginginduced changes observed in the OB of old mice.
Wip1 overexpression increases neuron formation. Multiple factors are involved in the aging process, making it unlikely that a single molecule can fully rescue a decline in neuron production in the OB (1) . To systematically determine the best possible combination of factors for improving neuron production, we analyzed mice with genetic backgrounds that have been implicated previously in aging. Specifically, we wanted to address the complementary role of WIP1 in potential modulation of the p53 pathway as well as to investigate other mechanisms. For that, we used mice of different genetic backgrounds, including a Wip1 transgenic line (Wip1-Tg) that expresses Wip1 under the control of a ubiquitin C promoter (11) . This transgenic model produces a physiological 3.5-to 5-fold upregulation of Wip1 mRNA in the SVZ (Supplemental Figure 1H) . A KO of p16 Ink4a was shown previously to rescue NSC numbers during aging but had only a marginal effect on neuron production in the OB (1). Thus, we crossed Wip1-Tg mice with p16 Ink4a KO mice to look for potential synergistic effects. Our previous analysis showed that p38 MAPK is involved in controlling the aging-induced decline in β cell proliferation (11) . Therefore, we used mice that expressed a dominant-negative form of p38 MAPK (p38DN) to investigate the role of this pathway in brain function. Finally, our analysis showed that Chk2, a checkpoint protein and a dephosphorylation target of WIP1 that is an upstream kinase of p53 (12) , might play a role in some Wip1 KO mouse phenotypes, including regulation of NSP size and number in vitro and proliferation of progenitors in vivo (Supplemental Figure 2 , B-D). These observations prompted us to include Chk2 KO mice in the analysis as well.
To assess adult neurogenesis in these strains of mice (Wip1-Tg, p16 Ink4a KO, Wip1-Tg/p16 Ink4a KO, p38DN, Chk2 KO, and WT mice), we injected BrdU into mice aged 3-4 months (young mice) or aged 16-18 months (old mice) and analyzed BrdU-positive neurons in the OB 1 month later (Figure 2A ). At this stage, most BrdU-positive cells expressed the neuronal marker NEUN ( Figure 2B ) and partially expressed calretinin, a marker of mature GABAergic neurons ( Figure 2C ), so we counted these cells to determine the efficiency of adult neurogenesis in different genetic backgrounds according to mouse age. We found no differences in young mice of different genetic backgrounds, but some genetically modified aged mice showed a significant improvement in neuron formation compared with aged WT mice ( Figure 2A ). Specifically, aged Wip1-Tg and Chk2 KO mice displayed a marked rescue of the aging-induced decline in adult neurogenesis in the OB (Figure 2A ). Importantly, newly born cells analyzed in the OBs of aged Wip1-Tg and Chk2 KO mice were mainly neurons ( Figure 2 , B and C, and Supplemental Figure 3 , A and B). Taken together, these data suggest that Wip1 overexpression substantially improve adult neurogenesis in the OBs of aged mice.
We did not observe a significant increase in the number of BrdU-positive cells in the OBs of p16 Ink4a KO mice or p38DN mice, suggesting that attenuation of p38 MAPK or p16 Ink4a is not sufficient to override aging-induced changes in the OB. Wip1-Tg/p16 Ink4a KO mice consistently showed no additional improvement in new neuron formation over that seen in Wip1-Tg mice, while Chk2 KO/p38DN mice had an improvement similar to that of Chk2 KO mice (Figure 2A ). We further found that Wip1 overexpression did not change the morphology of new neurons (Supplemental Figure 3C) . We also observed no difference in apoptosis of neuroblasts (Supplemental Figure 3D ) and cell cycle reentry of NSCs (Supplemental Figure 3E) .
To investigate whether the number of newly formed neurons in the OB was directly (i.e., linearly) related to the number of NSCs and progenitors, we next analyzed BrdU label-retaining Figure 2E) . Consistently, the number of neuroblasts in the SVZ regions of aged mice was rescued in Wip1-Tg mice ( Figure 2F and Supplemental Figure 3H ). As p16 Ink4a deficiency had only a marginal effect on improvement of neurogenesis in the OB (Figure  2A ), this suggests that rescue of NSC self-renewal alone is not sufficient for reversing a decline in the formation of neurons during aging. In turn, this implies that other mechanisms may be equally important for rescuing neuron formation in aging mice and that some of these mechanisms might depend on the regulation of neuronal differentiation by p53 and WIP1.
Wip1 overexpression rescues an age-related decline in olfaction. Agerelated decrease in neuron formation has been proposed as one cause of brain function decline (13) . However, evidence has been scarce regarding whether a rescue of neuron production can actually improve brain function. To look at brain functions related to the OB, we used a behavioral olfaction test that has been shown to correlate with age-related decline in new neuron formation (13) . In this test, mice were trained to distinguish between mixtures containing different fractions of mango and almond flavors, which have distinct aromas ( Figure 3A) . The mango and almond flavors were mixed with either distilled or bitter water when mango or almond flavor, respectively, was the major component of the mixture. For mixtures containing more than 60% of either substance, the success rate in discriminating between the different smells was comparable in WT and Wip1-Tg mice (Figure 3 , B and C). This indicates that mice with these genotypes were not defective in memorizing these smells during the test phases. However, when each mixture contained only 58% of either almond or mango flavor, aged Wip1-Tg mice performed significantly better than aged WT mice ( Figure 3C ). There was no difference in performance between young WT and young Wip1-Tg mice ( Figure  3B ), indicating that overexpressing Wip1 specifically improved olfactory function in aged mice.
Next, we tried to understand whether new neuron formation was responsible for increased olfactory function in Wip1-Tg mice. To uncouple the role of Wip1 overexpression in NPCs from potential systematic effects, we carried out cytosine arabinoside (AraC) infusion experiments to specifically eliminate neural progenitors and neuroblasts in the SVZ ( Figure 3D ). The AraC treatment also efficiently suppressed new neuron production in the OB ( Figure 3E ). Our analysis showed that AraC-induced arrest of neurogenesis for 1 month was sufficient to significantly diminish the performance of Wip1-Tg mice in fine odor discrimination tests ( Figure 3F ). These data support the notion that changes in olfactory function with age could reflect changes in neuron production in the OB, which in turn could be controlled by WIP1.
Wip1 overexpression rescues age-related NSP deficit. To dissect the mechanism underlying improved neuron formation in the OBs of aged Wip1-Tg mice, we first performed in vitro experiments. Specifically, we isolated SVZ cells from young and aged WT and Wip1-Tg mice and established NSP cultures. There were fewer NSPs from aged mice than from young animals, and NSPs from aged mice were smaller ( Figure 4A and Supplemental Figure 2I ). Consistent with our in vivo data showing that aged Wip1-Tg mice have higher NSC activity (Figure 2, D-F) , the number of primary NSPs established from aged Wip1-Tg mice was significantly higher than the number established from aged WT mice ( Figure 4A ). This difference in the number of primary NSPs was age specific, as we did not observe a difference between young WT and Wip1-Tg mice (Supplemental Figure 2J) . Furthermore, the size of the NSPs did not differ between WT and Wip1-Tg mice (Supplemental Figure 2K) , suggesting that WIP1 primarily regulates NSP number and thus regulates NSC selfrenewal but not the proliferation of more differentiated progenitors.
Next, we analyzed neuronal differentiation using NSPs. Two days after withdrawal of FGF and EGF, the majority of NSPs from young mice became attached to the glass slide and some of DCXpositive neuroblasts began to migrate out. The fraction of NSPs that generated DCX-positive neuroblasts was significantly higher in young mice, suggesting that neuronal differentiation is impaired in aged mice. Importantly, NSPs from aged Wip1-Tg mice showed improved neurogenic capacity ( Figure 4B ). Consistently, differentiation of single cells from primary NSPs showed an increase in neuronal commitment in Wip1-Tg mice ( Figure 4C ), indicating that WIP1 regulates the neuronal differentiation of NSCs. As the data in p16 Ink4a KO mice show that regulation of NSC numbers was not sufficient to ameliorate a decline in neuron formation in the OBs of aged mice (Figure 2A ), subsequent analysis focused on the mechanisms of WIP1-dependent regulation of neuronal differentiation.
WIP1 controls the expression of DKK3, a WNT antagonist. To better understand the potential mechanisms of WIP1-dependent regulation of neuronal differentiation, we performed preliminary microarray analysis to identify differences in gene expression profiles in NSPs from aged WT mice and aged Wip1-Tg mice. WNT signaling was implicated previously in neuronal fate determination (14) , and we found that several WNT-related genes, including a gene encoding a putative WNT signaling inhibitor, Dkk3, was downregulated 2.2-fold in NSPs from aged Wip1-Tg mice. To verify this, we performed RT-PCR analysis and confirmed that Dkk3 mRNA levels were significantly increased in aged WT mice but not in aged Wip1-Tg mice, similar to p21 Cip mRNA levels (Figure 4, D and E) . Importantly, a similar increase in Dkk3 expression was found in the SVZs of Wip1 KO mice ( Figure 4F ). Recent studies highlighted the importance of DKK1 in the hippocampus (4); however, the level of Dkk1 mRNA was not regulated in a Wip1-dependent manner or with aging in the SVZs (Supplemental Figure 4, A and B) .
A recent study showed that Dkk3 mRNA expression could be regulated in a p53-dependent manner (15) . To verify this, we first analyzed mice that are deficient in Wip1 and p53 and found that removal of p53 was sufficient to reduce the level of Dkk3 mRNA ( Figure 4F ). This suggests that WIP1 controls DKK3 through p53. To further validate the role of p53-dependent regulation of DKK3 in a WT context, we sorted EGFP-positive and -negative cells from a pool of primary NSPs derived from the p53 reporter mice, p21-EGFP transgenics. RT-PCR analysis showed that Dkk3 mRNA expression was significantly higher in p21-EGFP-positive cells ( Figure 4G ). Importantly, Nutlin treatment that specifically activates p53 efficiently induced Dkk3 reporter activity ( Figure 4H ), suggesting a strong correlation between DKK3 expression and p53 activity. Consistently, knocking out Chk2, an upstream kinase that activates p53 in NPCs, reduced Dkk3 mRNA expression in SVZ cells of aged mice ( Figure 4I ). Taken together, our data indicate that WIP1 regulates p53-dependent DKK3 expression.
DKK3 is expressed in SVZ NSCs. To understand the cell specificity of DKK3 expression, we used a transgenic mouse strain that carries an EGFP reporter under the control of a Dkk3 promoter (16) . First, we confirmed DKK3 expression in the CA3 region of the hippocampus (17) . Next, we analyzed expression in the SGZ and SVZ, 2 neurogenic zones in the adult mouse brain. We found no Dkk3-EGFP expression in the SGZ. In contrast, Dkk3-EGFP expression was high in the SVZ ( Figure 5A and Supplemental Figure 4C ). Colocalization analysis confirmed that the majority of Dkk3-EGFP-positive cells coexpressed SOX2, and some were also positive for MASH1 but negative for TUJ1/DCX and S100β expression ( Figure 5A ), suggesting that DKK3 expression is restricted to the early stages of neurogenesis. To confirm this, we analyzed the ability of DKK3-expressing cells to form NSPs. We found that only FACS-sorted Dkk3-EGFP-positive cells were able to form NSPs ( Figure 5B and Supplemental Figure 4D) ; this was in sharp contrast to the nearly complete lack of NSPs from Dkk3-EGFP-negative cells. These data strongly argue that DKK3 expression is restricted to the early stages of neurogenesis, and the expression pattern of DKK3 suggests that it may regulate NPCs in an autocrine and/or paracrine manner.
DKK3 inhibits canonical WNT signaling and neurogenesis. DKK3 is a putative WNT inhibitor, and WNT signaling has been implicated in neuronal fate determination (14) . Thus, our data may suggest that WIP1 regulates neurogenesis during aging via DKK3-dependent regulation of WNT. This was supported by the observation that Dkk3 mRNA expression was higher in aged mice than in young mice ( Figure 4E ). Furthermore, in vivo analysis of mice this possibility, we reactivated WNT signaling (Supplemental Figure 4F ) by injecting a GSK3 inhibitor 9 times, once every 2 days. Mice were sacrificed 2 weeks after the last injection. We also included EdU in the first 5 injections to label NSCs/progenitors. Analysis of EdU-positive cells in the OBs revealed that the GSK3 inhibitor improved neurogenesis in the OBs of aged mice ( Figure 6I ). To investigate whether chemical reactivation of the WNT pathway could result in improvement of olfactory functions, we carried out an odor discrimination test. We found that injections of GSK3 inhibitor were sufficient to significantly improve olfactory functions in mice ( Figure 6J ), providing strong evidence that some age-related changes are at least partially reversible and can be achieved through pharmacological activation of WNT signaling.
Discussion
We found previously that Wip1 deficiency attenuated neuron production in the OB via regulation of NSC self-renewal and neuronal differentiation (5) . Here, we extended these findings by examining the role of Wip1 in physiologically relevant conditions. We found that Wip1 mRNA was specifically expressed in NSCs and its expression was reduced with aging. Importantly, manipulating WIP1 levels significantly improved adult neurogenesis in the SVZs of aged mice ( Figure 1A and Figure 2B ). We also found that WIP1 contributes to regulation of p53 during aging, as we observed that many p53-regulated genes were downregulated in NSPs derived from aged Wip1-Tg mice (data not shown). Furthermore, overexpression of Wip1 at physiological levels was sufficient to rescue neuron formation in the OBs and to improve olfaction in aged mice (Figures 2 and 3 ). These effects of WIP1 were most likely due to its protective effects on both aging-induced decline in NSC self-renewal and on the ability of NSCs to commit to neuronal differentiation, Notably, rescue of NSC self-renewal in the SVZ alone, as seen in p16 Ink4a KO mice, was not sufficient to improve neurogenesis in the OB (Figure 2, A-E) . These data highlight the important role of neuronal differentiation in the regulation of aging-induced decline in adult neurogenesis.
We found that p53 activity increased in NSCs during aging, and p53 is known to control neurogenesis (5, 10). However, the molecular mechanisms underlying p53-dependent regulation of neurogenesis during aging are not well characterized. Using p53 reporter mice, we demonstrated that p53 activity is elevated in aged mice. In our working model, upregulation of p53 activity during aging inhibits neuron production in the OB via two complementary mechanisms. First, p53 represses NSC self-renewal by activating cell cycle inhibitors, including p21 Cip . Importantly, p53 activation during aging does not involve activation of apoptosis-promoting target genes, such as Puma (data not shown), suggesting that p53-dependent regulation on proliferative effects during aging may be uncoupled from p53-dependent apoptosis. A similar effect is achieved through an aging-induced activation of p16 Ink4a (1) . Second, the WIP1/ p53 pathway also suppressed neuronal differentiation through induction of DKK3 (Figures 4 and 5 ) and subsequent inhibition of WNT signaling, as described herein.
Using a reporter mouse line, we found that the Dkk3 promoter was specifically active at early stages of neurogenesis ( Figure 5A ). This specificity is strongly supported by the fact that only Dkk3-EGFP-positive cells were able to form primary neurospheres in vitro ( Figure 5B ). The lack of DKK3 expression in SGZ region is in with the Axin2-β-gal reporter gene, which is a reporter of WNT signaling (18) , showed age-dependent downregulation of WNT signaling in the SVZ region ( Figure 5C ). Consistent with WIP1-and p53-dependent regulation of DKK3 and WNT signaling, we observed an upregulation of Dkk3-EGFP signal (Supplemental Figure 4E ) and a downregulation of Axin2-β-gal reporter activity in Wip1-deficient mice ( Figure 5D ) and an upregulation of Axin2-β-gal reporter activity in Wip1-Tg mice ( Figure 5E ).
DKK3 has been implicated in the regulation of both canonical and noncanonical WNT pathways (19) . To determine the impact of DKK3 specifically on canonical WNT signaling, as it plays an important role in adult neurogenesis, we analyzed the effect of DKK3 on NSPs derived from Axin2-β-gal reporter mice. Consistent with a previous report (20) , we found that the NSPs had very low basal WNT activity that was efficiently upregulated in the presence of WNT3a, as determined by β-gal staining ( Figure 5F ). Importantly, inclusion of DKK3 significantly diminished WNT3a-induced Axin2-β-gal activity to an extent similar to that induced by DKK1, a classical WNT inhibitor ( Figure 5F ). Taken together, our data suggest that DKK3 could behave as an inhibitor of canonical WNT signaling in NSCs and progenitors.
As canonical WNT signaling has been shown to play an important role in fate commitment toward neuronal lineages (14), we next tested the effect of DKK3 on neuronal differentiation. The presence of WNT3a significantly increased the number of DCXpositive neuroblasts, while there was no increase in DCX-positive neuroblasts when DKK3 was present ( Figure 5G ). This indicates that DKK3 upregulation, including upregulation during aging, could inhibit WNT-induced neurogenesis.
DKK3 inhibits neuronal commitment with aging. In order to investigate the function of DKK3 in adult neurogenesis in vivo, we next turned to the analysis of 6-month-old Dkk3 KO mice. At this age, there is a significant reduction in neurogenesis, thus allowing us to understand the involvement of different pathways in aging. Analysis of 5-ethynyl-2′-deoxyuridine (EdU) label-retaining cells showed that a deficiency of Dkk3 did not affect the number of quiescent NSCs in SVZ region ( Figure 6A ). After a 2-hour BrdU pulse, a proliferation assay showed that DKK3 had only a marginal role in regulating proliferation of NPCs ( Figure 6B ). The minor reduction in proliferation could be a result of an enhanced neuronal commitment, as the number of DCX-positive neuroblasts was significantly increased in the SVZs of Dkk3 KO mice ( Figure 6C ). The increased number of neuroblasts was also observed in OB sections of Dkk3 KO mice, although the morphology was not different from that in WT mice ( Figure 6D ). Next, we quantified the numbers of newly formed cells in OB generated within 1 month and found a significant increase in Dkk3 KO mice ( Figure 6E ). The majority of these EdU-positive cells were neurons, as more than 95% of them were NEUN positive, both in WT and Dkk3 KO mice ( Figure 6F) . Additionally, the fraction of NEUN-negative cells was reduced in Dkk3 KO mice ( Figure 6G ), similar to that observed in aged Wip1-Tg mice (Supplemental Figure 3, A and B) . Furthermore, the odor discrimination test revealed a significant improvement of olfactory functions in Dkk3 KO mice ( Figure 6H ). These data strongly support the role of DKK3 in negative regulation of neuronal commitment in vivo.
If an increase in Dkk3 mRNA expression during aging results in suppression of WNT-induced neurogenesis, it is possible that pharmaceutical reactivation of the WNT pathway might improve neuron formation in the OBs of aged mice. To test water for 48 hours. Handling of an individual mouse was conducted in the home cage, consisting of the following 2 stages for each data point: a training stage and a testing stage. For the training stage, 10 μl double-distilled water was placed with minimal amount (1 μl) of mango extract (Mgo) to allow the mice to get used to Mgo smell. The combination of distilled water and Mgo was designated as [+] , and the mice were given 2 minutes in maximum to find [+] . Once the mice finished drinking, a fresh [+] solution was provided after a 30-second interval. The amount of Mgo was increased 1.5 μl per trial until it reached 8.5 μl. We repeated the last trial 5 times, and for the sixth trial, we presented the mice with 8.5 μl almond extract (ALM) applied to the 10 μl of 1% denatonium benzoate solution (Sigma-Aldrich), which was designated as [-] and is extremely bitter. The mice found it extremely aversive and learned to associate the bitter taste with the smell of ALM and avoided drinking the [-] . We conducted 4 additional trials with [-] AraC infusion experiments. AraC (2%) in saline was introduced into the osmotic pump (Alzet Brain Infusion Kit 1) that was implanted under the back skin of the mice and connected to a cannula through catheter. The catheter was implanted to the lateral ventricle using a stereotaxic apparatus with the following coordinates: anterior-posterior, 0.40 mm; mediallateral, 0.90 mm; and dorsal-ventral, 2.15 mm. After implantation, each mouse was housed in an individual cage for a period of 1 month before behavioral experiments were carried out. Mice were sacrificed right after behavioral testing.
Single cell culture. Primary NSPs were dissociated and 5,000 cells were cultured on poly-ornithine-and laminin-coated glass slides (5) . For the β-gal experiment, these cells were cultured in NSC proliferation medium supplemented with or without WNT and WNT inhibitors (200 ng/ml WNT3a, 500 ng/ml DKK3, and 100 ng/ml DKK1) for 48 hours, before being fixed with 2% PFA for 10 minutes, and subjected to β-gal staining. For differentiation experiments, cells were cultured in differentiation medium for 48 hours in the presence or absence of WNT and WNT inhibitors. Differentiated cells were fixed with 2% PFA for 20 minutes and stained with DCX and Nestin antibodies. Neuroblasts were defined as cells with small nuclei and thin processes that express DCX.
β-Gal staining. Mice were perfused and then sacrificed as previous described (5), and brains were extracted and briefly fixed for 1 hour before cryosectioning. As described previously (24) , sections were 30-μm thick and attached to glass slides and processed for β-gal staining. Sections were post-fixed with 4% PFA, before mounting and imaging.
Real-time RT-PCR. Tissues were frozen in dry ice, and RNA was extracted using the RNeasy Kit (Qiagen). Reverse transcription was performed using a RevertAid Kit (Fermentas) according to the manufacturer's instructions. Real-time PCR was performed using a 7000 Real-Time PCR System (Applied Biosystems) with KAPA SYBR FAST Universal qPCR Kit. Gapdh and/or 18S mRNA levels were used, and each reaction was performed in triplicate for absolute quantification. The average Ct was determined, and experimental and control groups stark contrast to DKK1 expression, which is expressed primarily in the SGZ and granular neurons and at much lower levels in SVZ region (4) . This different expression highlights the regional specificity of mechanisms controlling neurogenesis.
The function of DKK3 in homeostatic tissues is not well understood (21) . Encouraged by our in vitro data ( Figure 5E ), we extended our analysis to Dkk3 KO mice. Strikingly, we found a very specific role of DKK3 in neurogenesis in vivo, namely a regulation of neuronal commitment but not proliferation or self-renewal of NPCs ( Figure 6 ). This function of DKK3 is fully consistent with the role of WNT signaling in neuronal fate commitment (2, 14) . Indeed, we found that Axin2-LacZ signal induced by WNT3a was strongly inhibited by DKK3 (Figure 5F ), suggesting that DKK3 attenuates neurogenesis through blocking WNT signaling.
In contrast to the SGZ (4, 14, 22) , the role of WNT in SVZ neurogenesis is not well characterized. Interestingly, overexpression of TLX, an upstream regulator of canonical WNT signaling, also boosts OB neuron formation, which was further consistent with our GSK3 inhibitor experiments ( Figure 6 , I and J). Importantly, injection of a GSK3 inhibitor alone was sufficient to improve neurogenesis and odor discrimination, suggesting a strategy to improve some brain function with aging. In conclusion, we found that WIP1 controls DKK3-dependent neuronal differentiation with aging and propose that pharmacological activation of the WIP1/WNT pathway may have potential to prevent some aspects of functional deterioration of the aging brain.
Methods
Animals. Wip1 KO and p53 KO (5), Wip1-Tg and p38DN (11), Axin2-lacZ (18) , p21-EGFP (9), p16 Ink4a KO and Chk2 KO (23) , and Dkk3-EGFP-Tg (14) mouse lines have been described previously. The Dkk3 KO mouse line was generated in the lab of Takahisa Furukawa (Institute for Protein Research, Osaka University, Suita, Osaka, Japan), by replacing exons 1-3 with a neomycin cassette, and obtained from RIKEN. Littermates were used for majority of experiments comparing different genotypes, and age-matched litters were used when more than 2 genotypes and/or mice were used and data were combined (Figure 2A, Figure 3 , and Supplemental Figure 2, B-D) .
Antibodies and reagents. The following primary antibodies were used: β-gal (MP Biomedicals), NEUN (Chemicon), GFAP (DAKO), Tuj1 (Covance), BrdU (Abcam), phospho-p53 serine 23 (Cell Signaling Technology), DCX (Abcam), NESTIN (BD Pharmingen), SOX2 (Abcam), MASHh1 (BD Pharmingen), DKK3 (Proteintech), LeX antibody (eBioscience), and CD24 (eBioscience). Alexa Fluor 488-or 555-conjugated secondary antibody (Invitrogen) was used. Mouse DKK1, DKK3, and WNT3a proteins (R&D Systems) were used as well as GSK3 inhibitor SB216763 (Sigma-Aldrich).
BrdU and EdU. To assess activity of NSCs in adult mice, BrdU was injected as described previously described (5) with little modification. In brief, for short-term BrdU injection, intraperitoneal injection of BrdU/EdU (dissolved in 0.06 N NaOH in 0.9% NaCl and neutralized by HCL before use; 30 mg/kg body mass) was given 5 times every 2 hours. Mice were sacrificed 2 hours after the last injection. For long-term SVZ BrdU/EdU retention and OB new neuron formation experiments, 100 mg BrdU/kg body mass or 30 mg EdU/kg body mass was injected intraperitoneally once daily for 5 days. Mice were perfused 4 weeks after the last BrdU/EdU injection. EdU staining was performed with the EdU Click-It Kit (Invitrogen), following the manufacturer's instructions.
Fine olfactory discrimination. Olfactory discrimination was carried out according to a previous published protocol with minor modifications (13) . Briefly, mice were separated into individual cages and deprived of
